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HIGHLIGHTS 


•  We  succeeded  in  suppressing  the  power  fade  using  mechano-chemical  bonding  technology. 

•  Crack  formation  of  NCM  correlated  with  the  ASI  (10  s)  increase. 

•  Coating  with  A1203  can  be  an  effective  technique  for  improving  the  power  fade. 
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LiNii/3Coi/3Mni/302  particles  were  coated  with  AI2O3  nanoparticles  by  means  of  a  mechanochemical 
bonding  process;  SEM  confirmed  that  the  AI2O3  particles  were  uniformly  coated  over  the  surface  of  the 
LiNii/3Coi/3Mni/302  powder.  During  subsequent  electrochemical  testing  using  pouch  cells,  uncoated 
LiNii/3Coi/3Mni/302  exhibited  a  gradual  capacity  fading  and  an  increase  in  area  specific  impedance  (ASI) 
at  a  50%  state  of  charge.  Under  the  same  conditions,  the  increase  in  ASI  of  the  AI2O3  modified  samples 
was  significantly  suppressed,  although  the  initial  performance  (charge/discharge  capacity  and  ASI) 
slightly  deteriorated.  The  AI2O3  coating  was  also  effective  in  improving  the  cyclability  of  LiNii/3Coi/3Mni/ 
3O2  at  elevated  temperatures  by  reducing  the  extent  of  cracking. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  recent  emergence  of  hybrid  and  electric  vehicles  onto  the 
market  has  highlighted  the  limitations  of  conventional  lithium  ion 
batteries  in  terms  of  their  energy  density,  durability,  electro¬ 
chemical  performance,  and  cost.  As  a  result,  LiNii/3Coi/3Mni/302 
(NCM)  has  been  considered  as  an  alternative  cathode  material  for 
such  applications,  as  it  offers  a  significant  cost  benefit  over  con¬ 
ventional  LiCo02.  However,  NCM  also  experiences  appreciable 
degradation  during  cycling  at  elevated  temperatures  [1  .  The  use  of 
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coatings  is  well  known  as  an  effective  technique  for  improving  the 
cyclability  of  positive  active-materials  at  elevated  temperatures  and 
therefore  several  metal  oxide  coatings  have  been  intensively 
studied  for  the  surface  modification  of  cathode  materials,  e.g.,  A1203 
[2-5  ,  ZrC>2,  MgO,  and  ZnO  [6-9  ;  metal  phosphates  like  AIPO4 
[10,11];  and  metal  fluorides  like  AIF3  [12,13  .These  techniques  have 
been  demonstrated  to  greatly  enhance  electrochemical  properties, 
such  as  cyclability  and  rate  capability,  with  Jung  et  al.  reporting  that 
these  films  can  minimize  Co  dissolution  or  suppress  surface  re¬ 
actions  with  the  electrolyte  [14].  Moreover,  Cho  et  al.  have  shown 
that  the  expansion  of  the  c-axis  is  sharply  reduced  during  cycling, 
and  that  this  results  in  negligible  strain  and  microcrack  formation 
[5  .  However,  the  mechanism  by  which  the  cyclability  is  enhanced 
by  this  coating  is  still  unclear,  and  subject  to  discussion. 

In  this  work,  (NCM)  was  coated  with  AI2O3  nanoparticles  via  a 
mechanochemical  bonding  technology  [15  in  order  to  investigate 
their  effect  on  the  electrochemical  performance,  surface  charac¬ 
teristics,  structure  and  morphology  of  NCM.  By  comparing  these 
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results  with  those  of  uncoated  NCM,  the  mechanisms  behind  any 
observed  improvement  are  discussed. 

2.  Experimental 

A  mechanochemical  bonding  process  (AMS-MINI,  Hosokawa 
Micron  Corp.)  was  used  to  coat  NCM  (supplied  by  Toda  Kogyo  Corp.) 
50  nm  AI2O3  nanoparticles  (Aldrich).  This  bonding  process  allows  a 
variety  of  powders  to  be  hybridized  by  a  mechanochemical  reaction 
that  utilizes  only  mechanical  energy;  the  basic  principles  and  a 
schematic  illustration  of  the  essential  components  are  shown  in 
Fig.  1  [15  .  In  this  process  the  powder  is  pressed  against  the  inner 
wall  of  the  rotor  by  centrifugal  force,  thus  generating  compressive 
and  shear  forces  in  the  powder  as  it  passes  through  the  gap  be¬ 
tween  the  rotor  and  inner  component.  The  amount  of  AI2O3  coated 
onto  the  NCM  powders  was  3.0  or  7.5  wt%,  with  able  1  providing  a 
detailed  overview  of  the  coating  procedure. 

The  morphology  of  the  powder  particles  was  confirmed  using  a 
scanning  electron  microscope  (SEM;  S5000,  Hitachi)  and  scanning- 
transmission  electron  microscope  (STEM;  Hitachi,  S-5500).  A  cross- 
section  polisher  (E-3500,  Hitachi)  was  used  to  prepare  cross- 
sectional  samples  of  the  powder  for  imaging.  Each  electrode  was 
held  between  two  sheets  of  cover  glass  for  microscope  and  cut  by 
an  argon-ion  beam  polisher  at  a  constant  power  of  0.65  W  (5  kV 
and  0.13  mA)  under  gas  flow  rate  of  0.1  mL  min-1  for  90  min. 
Oriented  image  mapping  was  reconstructed  from  an  electron 
backscatter  diffraction  (EBSD)  pattern  (TSL  Solutions  KK).  For  this, 
the  electron  beam  was  scanned  over  the  sample,  with  the  EBSD 
pattern  measured  at  each  point  then  indexed  to  ascertain  the 
orientation  of  the  crystal  lattice.  A  high-speed  CCD  camera  (1500M- 
Tl-GE-EX)  and  the  software  package  TSL  OIM  Data  Collection  6 
were  used  for  the  pattern  acquisition  and  mapping  image  recon¬ 
struction,  respectively.  X-ray  diffractometry  (XRD;  Rigaku,  RINT 
2200)  was  employed  to  characterize  the  crystal  structure  of  the 
powder  sample.  XRD  data  were  obtained  using  Cu  Ka  radiation 
(A  =  0.15406  nm)  in  continuous  scan  mode  across  a  20  range  of 
10-80°,  with  a  step  size  of  0.02°  and  a  scan  rate  of  2°  per  minute.  X- 
ray  photoelectron  spectroscopy  (XPS,  ULVAC-PHI  QuanteraSXM 
with  Al  Ka  radiation,  h^  =  1486.71  eV)  measurements  (about 
cplOO  pm)  were  performed  to  investigate  the  surface  of  the  elec¬ 
trodes  before  and  after  cycling.  For  this,  all  cells  were  first  dis¬ 
assembled  in  a  dry  box  filled  with  argon  gas  in  which  the  dew  point 
was  below  -50  °C.  Next,  the  electrodes  were  washed  with  diethyl 
carbonate  (DEC),  dried,  and  then  transported  for  analysis  under  an 
inert  atmosphere.  Physical  properties  were  assessed  using  a 
microcompression  testing  machine  (MCT-510,  Shimadzu)  with  a 
50  pmcp  flat  indenter  (load:  9.8-55  mN,  displacement:  0-100  pm) 
to  determine  the  compressive  strength.  Tensile  strength  was  also 
obtained  from  the  load-displacement  curve. 

Electrochemical  performance  was  evaluated  using  pouch-type 
full  cells  (49  cm2)  in  which  the  positive  electrode  consisted  of 
90  wt%  coated  or  uncoated  NCM  combined  with  5  wt%  of  carbon 


Fig.  1.  Schematic  illustration  of  the  primary  components  of  a  Hosokawa  mechano¬ 
chemical  bonding  coating  device  [15]. 


Table  1 

Process  of  coating  A1203  nanoparticles  onto  NCM-10. 


Step  no.  Step  rotation  Step  3.0  wt%  A1203  7.5  wt%  A1203 

number  (rpm)  time 
(min.) 


1 

4000 

1  mixing  of  81  g  NCM, 

mixing  of  81  g  NCM, 

with  1.250  g  A1203 

with  1.312  g  A1203 

2 

4000 

1  adding  1.250  g  A1203 

adding  1.312  g  A1203 

3 

4000 

1 

adding  1.312  g  A1203 

4 

4000 

1 

adding  1.312  g  A1203 

5 

4000 

1 

adding  1.312  g  A1203 

black  (Super-P(Li),  TIMCAL)  and  5  wt%  of  polyvinylidene  fluoride 
(PVDF)  (KLF#1120,  Kureha).  The  negative  electrode  consisted  of 
93  wt%  hard-carbon  (Carbotron-P(J),  Kureha)  and  7  wt%  PVDF 
(KLF#9130,  Kureha).  All  electrodes  were  dried  under  vacuum  at 
160  °C  for  12  h  prior  to  cell  assembly.  For  the  assembly,  a  porous 
polypropylene  membrane  (#2500,  Celgard)  was  used  as  a  separator 
and  1.0  mol  dm-3  LiPFe/ethylene  carbonate-dimethyl  carbonate- 
ethylmethyl  carbonate  (1:1:1  by  volume)  served  as  the  electrolyte. 
A  three-electrode  electrochemical  cell  was  also  assembled  to 
compare  the  potential  of  uncoated  positive  and  negative  electrodes, 
in  which  a  Li  reference  electrode  was  inserted  in  between  the 
electrodes  of  the  cell.  Assembly  of  all  cells  was  carried  out  in  a  dry 
room,  after  which  they  were  charged  and  discharged  for  three  cy¬ 
cles  at  a  rate  of  1 C  within  a  voltage  range  of  4.2-2.7  V  at  25  °C  using 
a  multi-channel  charge-discharge  device  (TOSCAT-3000,  Toyo 
System  Co.,  Ltd.).  The  area  specific  impedance  (ASI)  was  evaluated 
at  a  50%  state  of  charge  (SOC),  which  corresponds  to  a  cell  voltage  of 
3.615  V.  ASI  was  measured  at  3,  5,  8  and  12C  for  12  s  at  each  pulse 
current  rate  rest  for  10  min  in  order  to  attain  linearity  at  room 
temperature,  following  the  previously  reported  procedure  18].  The 
voltage  after  1  or  10  s  (VjS  or  Vios)  was  recorded  at  each  current 
pulse,  and  plots  of  Vi s— J  and  Vi0s— /  were  obtained  in  which  (/) 
corresponds  to  the  absolute  current  for  each  pulse.  The  each  deci¬ 
sion  coefficient  is  over  0.999  on  the  slopes  of  the  V\  s— /  and  Vios— /. 
The  state  of  relaxation  of  the  cell  has  a  small  influence  on  the  V-I 
plots  under  our  experimental  conditions.  The  absolute  values  of  the 
slopes  of  these  V-I  plots,  as  normalized  by  the  electrode  area,  were 
used  to  determine  the  ASI  values  at  10  and  1  s  intervals,  which  are 
hereafter  denoted  as  ASI(lOs)  and  ASI(ls),  respectively.  The  rate 
capability  was  tested  by  discharging  at  current  densities  of  1,  5, 10, 
20,  30  and  50C.  Cycling  performance  was  evaluated  in  the  voltage 
range  of  2.7-4.2  V  using  a  constant  current/constant  voltage  (CC/ 
CV)  method  for  charging  to  4.2  V  with  a  typical  test  current  of 
110  mA  g-1,  and  a  CC  method  for  discharging  to  2.7  V  with  a  typical 
test  current  of  110  mA  g-1  at  50  °C.  Monitoring  of  the  discharge 
capacity,  ASI(lOs)  and  ASI(ls)  was  conducted  at  25  °C  for  100  and 
250  cycles. 

3.  Results  and  discussion 

Fig.  2  shows  SEM  images  of  the  surfaces  of  uncoated  and  coated 
NCM  particles.  From  this,  we  can  see  that  the  concave  regions  are 
the  first  to  be  filled  with  coating  material,  with  the  convex  parts 
only  being  covered  when  the  amount  of  coating  is  increased.  Thus, 
the  enclosed  section  corresponding  to  the  convex  region  of  NCM 
was  apparently  less  covered  in  the  case  of  3.0  wt%  coated  particles 
(Fig.  2(b)),  whereas  the  surface  of  the  7.5  wt%  coated  particles  was 
so  completely  covered  by  AI2O3  nanoparticles  that  the  morphology 
of  the  original  uncoated  particle  could  no  longer  be  seen  (Fig.  2(c)). 
Fig.  2(d)  shows  a  cross-sectional  STEM  image  of  the  surface  region 
of  the  particle  coated  by  7.5  wt%  A1203,  in  which  the  thickness  of 
coating  can  be  seen  to  vary  from  150  to  300  nm. 
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Coating  area 


LiNii/3Mni/3Coi/302  area 


300nm 


Fig.  2.  SEM  and  TEM  images  of  LiNii/3Coi/3Mni/302  powder  (a)  uncoated,  (b)  coated  with  3.0  wt%  AI2O3,  and  (c)  coated  with  7.5  wt%  A1203.  (d)  Cross-sectional  STEM  image  of  the 
particle  in  (c). 
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a) 


Coated  A1203  /  wt% 


b) 


Fig.  3.  Correlation  between  the  initial  electrochemical  performance  at  25  °C  of  coated/ 
uncoated  LiNii/3Coi/3Mn1/302  and  (a)  charge/discharge  capacity  and  (b)  area  specific 
impedance  ASI(10  s)  and  ASI(ls). 


Cycle  number 


uncoated 

3.0wt%Al2O3 

7.5wt%Al203 


b) 


Cycle  number 


Fig.  3  illustrates  the  correlation  between  the  initial  charge/ 
discharge  capacity  and  area  specific  impedance  (ASI)  with  AI2O3 
loading.  In  this,  the  full  cell  was  charged  at  a  current  density  of 
22  mA  g_1(0.2C-rate)  up  to  4.2  V,  revealing  that  the  discharge  ca¬ 
pacity  of  the  coated  sample  undergoes  a  perceptible  capacity  loss. 
Furthermore,  the  initial  ASI(lOs)  and  ASI(ls)  is  gradually  increased 
with  AI2O3  loading,  which  can  be  ascribed  to  a  decrease  in  contact 
area  between  each  active  material  particle,  and  also  between  par¬ 
ticles  of  active  material  and  carbon  black. 

A  comparison  of  the  rate  capabilities  of  uncoated,  3.0  and  7.5  wt 
%  Al203-modified  NCM  is  shown  in  Fig.  4.  This  shows  that  the 


Fig.  4.  Rate  capability  of  O  uncoated,  A3.0  wt%  Al203-coated,  and  IH7.5  wt%  A1203- 
coated  samples. 


Cycle  number 


uncoated 


3.0wt%Al2O3 


□  7.5wt%Al203 


Fig.  5.  Cycling  performance  of  coated/uncoated  samples,  (a)  Capacity  retention  during 
cycling  at  35  °C,  (b)  capacity  retention  during  cycling  at  50  °C,  (c)  ASI(lOs)  ratio  during 
cycling  at  35  °C,  and  (d)  ASI(lOs)  ratio  during  cycling  at  50  °C. 


capacity  of  uncoated  NCM  at  10C  is  71  mAh  g-1,  which  corresponds 
to  about  65%  of  that  at  1C.  In  contrast,  the  capacity  of  3  wt%  AI2O3- 
coated  NCM  is  68.5  mAh  g-1  at  10C,  or  about  62%  of  that  at  1C, 
whereas  the  capacity  at  7.5  wt%  AI2O3  of  46.1  mAh  g"1  at  10C  cor¬ 
responds  to  only  about  49%  of  that  at  1C.  This  obvious  difference  in 
the  rate  capability  of  the  7.5  wt%  A^C^-modified  NCM  is  most  likely 
caused  by  the  reduced  contact  area  between  the  conductor  and  the 
active  materials. 

Fig.  5  shows  the  dependency  of  capacity  retention  and  ASI(lOs) 
of  cells  containing  coated  samples  on  the  number  of  cycles.  These 
results  clearly  indicate  that  AI2O3  modification  suppresses  the  in¬ 
crease  in  ASI(lOs)  with  cycling,  and  although  the  capacity  retention 
gradually  decreased  with  an  increasing  number  of  cycles,  the  rate  of 
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Fig.  6. 


Increase  in  ASI(lOs)  of  a  three-electrode  electrochemical 


cell  containing  (a)  an  uncoated  positive  electrode  and  (b)  a  negative  electrode. 


c) 


O 

'4— * 

o3 


80%  100%  120%  140%  160%  180% 

ASI  ratio/  % 


C-H 

C-O 

Carbonate 

fluoride 

phosphate 


Binding  Energy/eV 


Fig.  7.  XPS  correlation  of  degradation  (a)  XPS  spectra  of  an  uncoated  sample  after  0,  250  and  500  cycles  on  a  positive  electrode,  (b)  XPS  spectra  of  an  uncoated  sample  after  0,  250 
and  500  cycles  on  a  negative  electrode,  (c)  ratio  of  SEI  compounds  on  a  positive  electrode. 
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Table  2 

Concentration  of  Mn  on  the  negative  electrode  surface,  as  determined  by  the  peak 
area  ratio  of  Mn  2p3/2  spectrum  to  the  total  area  of  detected  elements. 
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Sample 

ASI(lOs)  ratio  (%) 

Mn  (at%) 

Fresh 

100% 

0.1% 

35  °C,  250  cycles 

122% 

0.6% 

50  °C,  250  cycles 

135% 

0.6% 

50  °C,  250  cycles 

175% 

0.8% 

decrease  did  not  significantly  differ  between  uncoated  and  coated 
samples. 

The  electrochemical  behavior  of  the  uncoated  and  7.5  wt% 
coated  positive  and  negative  electrodes  was  examined  in  detail 
using  a  three-electrode  cell  at  50  °C.  Through  this,  a  change  in  the 
ASI(lOs)  was  observed  at  25  °C  after  the  100th  and  250th  cycles,  as 
illustrated  in  Fig.  6.  This  increase  in  the  ASI(lOs)  is  attributed  mainly 
to  the  increase  of  the  positive  electrode,  with  the  AI2O3  coating 
effectively  suppressing  the  ASI(lOs)  increase  with  degradation. 

XPS  analysis  was  used  to  identify  the  chemical  species  present 
on  the  surface  of  the  electrodes  by  comparing  the  peaks  obtained 
against  those  identified  in  the  literature  19,20].  In  the  Ois  spectra 
(Fig.  7(a)),  a  small  signal  attributable  to  metal  oxide  is  clearly 
discernible  at  529.6  eV  in  each  cycled  sample.  The  peaks  at  532.5 
and  533.5  eV  correspond  to  carbonyl  oxygen  and  oxygen  for  alkyl 
group,  respectively.  In  the  P2P  spectra  (Fig.  7(a)),  the  peaks  for  LixPFy 
at  136.5  eV  and  LixPFyOz  at  134.2  eV  are  both  clearly  evident.  It  can 
therefore  be  inferred  from  these  results  that  by  cycling  at  50  °C,  a 
solid  electrolyte  interphase  (SEI)  film  is  produced  that  covers  the 
surface  of  the  active  material.  Moreover,  the  Mn  2P3/2  spectra 
(Fig.  7(b))  of  the  negative  electrodes  suggest  the  presence  of  a  Mn 
compound  at  642.5  eV  with  increased  cycles  [21  .  We  therefore 
looked  at  the  area  ratio  of  the  decomposition  products  of  the 
electrolyte  (C-H  and  C-0  signals  from  carbonate,  fluoride,  and 
phosphate  signals)  on  the  positive  electrode,  and  the  Mn  species 
originating  from  NCM  that  were  deposited  on  the  negative  elec¬ 
trode.  Fig.  7(c)  shows  the  correlation  in  intensity  of  these  peaks 
from  the  surface  of  the  positive  electrode  and  the  ASI  ratio,  indi¬ 
cating  that  none  of  the  chemical  species  from  the  SEI  has  a  close 
relationship  with  the  ratio  of  ASI(lOs).  Furthermore,  the  results 
shown  in  ^able  2  indicate  that  the  atomic  concentration  of  Mn  on 
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Fig.  8.  XRD  patterns  for  an  electrode  (a)  before  cycling,  and  (b)  after  250  cycles. 


Fig.  9.  Cross-sectional  SEM  images  of  uncoated  electrodes  (a)  before  cycling,  (b)  after 
100  cycles  with  an  ASI(lOs)  ratio  of  121%,  and  (c)  after  250  cycles  with  an  ASI(lOs)  ratio 
of  128%. 


the  negative  electrode  of  ASI(lOs)  at  ratios  of  122  and  135%  was  the 
same.  Since  it  is  well-known  that  the  charge  compensation  and 
oxygen  vacancy  mechanism  drives  Mn  dissolution,  resulting  in  the 
reduction  of  Mn4+  to  Mn3+  in  positive  active  materials  [22],  it 
seems  likely  that  the  Mn  ions  migrating  to  the  negative  electrode 
are  deposited  on  the  surface  of  the  carbon.  This  phenomenon  de¬ 
grades  cell  performance,  and  so  if  Mn  dissolution  is  indeed 
responsible  for  the  ASI(lOs)  degradation  then  we  would  expect 
there  to  be  more  Mn  in  the  cell  with  the  higher  ASI(lOs)  ratio.  The 
fact  that  the  observed  results  deviate  from  this  expectation 
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Fig.  10.  Correlation  between  ASI(lOs)  ratio  and  crack  area  ratio  in  uncoated  positive 
electrode  particles. 

suggests  that  Mn  dissolution  can  not  be  a  significant  factor  in 
degradation. 

To  evaluate  any  change  in  the  bulk  structure,  the  XRD  patterns  of 
electrodes  before  and  after  250  cycles  were  compared  (Fig.  8).  In 
this,  both  the  original  and  cycled  uncoated  electrode  can  be  iden¬ 
tified  as  a  layered  a-NaFe02  structure,  with  a  space  group  of  R-3m. 
The  calculated  cell  parameters  were  a  =  b  =  2.84  A  and  c  =  14.36  A. 
Although  the  detailed  cell  parameters  differed  slightly  due  to  the 
use  of  a  2-electrode  full  cell,  no  additional  peaks  were  found  in  the 
electrode  after  cycling.  The  bulk  structure  was  also  found  to  have  no 
significant  relationship  with  the  observed  degradation. 

Fig.  9  shows  a  cross-sectional  image  of  a  representative  single¬ 
particle  in  a  cycled  positive-electrode  (uncoated  NCM)  of  a  three- 
electrode  cell.  In  this,  the  cracks  (indicated  by  arrows)  can  be 
seen  to  increase  dramatically  with  cycling.  Fig.  10  illustrates  the 
dependence  of  ASI(lOs)  on  the  crack  area  ratio,  which  is  defined  as 
the  ratio  of  cracks/total  area  of  the  particle  as  calculated  by  image 
processing  techniques.  It  is  evident  from  this  that  the  area  of  cracks 
inside  particles  shows  a  clear  correlation  with  ASI(lOs)  in  the  un¬ 
coated  positive  electrode  of  the  three-electrode  cell.  It  should  also 
be  noted  that  this  crack  area  ratio  was  estimated  from  10  repre¬ 
sentative  particles  of  an  SEM  view  containing  more  than  40  parti¬ 
cles  in  total.  Itou  et  al.  have  suggested  that  in  the  case  of 
LiNio.8Coo.15Alo.05O2  the  degradation  mechanism  of  the  positive 
electrode  is  an  increase  of  resistance  caused  by  morphological 
change  of  the  particles  [16].  With  this  in  mind,  it  can  be  concluded 
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Fig.  12.  Cross-sectional  SEM  images  of  electrodes  cycled  250  times  at  50  °C:  (a)  un¬ 
coated  and  (b)  7.5  wt%  AI2O3  coated. 
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Fig.  11.  Backscatter  electron  images  of  ground  sections  of  cracks  in  an  uncoated  particle  cycled  250  times  at  50  °C:  (a)  SEM  image  and  (b)  EBSD  image. 
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Table  3 

Strength  of  uncoated  and  7.5  wt%  Al203-coated  NCM  particles. 


Sample 

Particle  strength  (MPa) 

Uncoated  NCM 

128 

NCM  coated  by  7.5  wt%  A1203 

168 

that  the  increase  in  ASI(lOs)  is  caused  by  increasing  evolution  of 
cracks  leading  to  degradation  of  the  electrochemical  properties. 

Since  the  reason  why  these  cracks  increase  is  very  important, 
the  internal  structure  of  the  particles  was  investigated  further  using 
EBSD.  Fig.  11  shows  an  EBSD  image  of  uncoated  NCM  particles  after 
250  cycles,  in  which  the  different  colors  represent  different  crystal 
orientations.  The  figure  shows  that  the  primary  particles  facing  the 
notch,  for  example  in  the  boxed  area,  are  in  a  different  crystal 
orientation.  The  crystal  c-axes  of  primary  particles  A  and  B  are 
almost  mutually  orthogonal.  The  lattice  parameters  are  changed  to 
a  completely  opposite  direction  during  the  charge/discharge  pro¬ 
cess,  and  the  stress  concentrated  at  the  grain  boundary  of  two 
primary  particles  during  such  a  change  is  the  most  likely  cause  of 
cracking. 

Fig.  12  shows  cross-sectional  images  of  coated  and  non-coated 
NCM  after  250  cycles  at  50  °C,  each  image  indicating  a  represen¬ 
tative  secondary  particle  from  an  SEM  view  containing  more  than 
40  particles.  The  ASI  ratios  of  uncoated  NCM  and  NCM  coated  with 
7.5  wt%  AI2O3  were  138  and  111%,  respectively.  Thus,  for  a  given 
number  of  cycles,  it  is  clear  that  the  number  of  cracks  in  coated 
NCM  is  dramatically  less  than  that  of  an  uncoated  sample. 

Cho  et  al.  reported  that  a  thin-film  coating  of  high-fracture- 
toughness  oxides  suppresses  the  c-axis  expansion  (or  phase  tran¬ 
sition)  of  LiCo02,  thereby  preventing  capacity  fading  during  elec¬ 
trochemical  cycling  17].  In  contrast,  Itou  et  al.  reported  that 
occurrence  of  cracking  in  LiNio.sCoo.15Alo.05O2  was  one  of  the  factors 
in  its  increased  resistance  16].  The  particle  strengths  of  the  un¬ 
coated  and  coated  samples  were  therefore  measured  a  using  a 
microcompression  testing  machine.  The  results  in  Table  3  indicate 
that  the  average  particle  strength  of  coated  particles  is  slightly 
higher  than  that  of  uncoated  NCM.  We  can  speculate  from  this 
enhancement  of  particle  strength  that  the  suppressed  cracking 
during  the  charge/discharge  cycle  is  at  least  one  factor  in  deter¬ 
mining  capacity  fade,  but  that  other  factors  need  to  be  taken  into 
account. 

4.  Conclusions 

This  study  has  revealed  that  the  increase  of  ASI  in  an  NCM-based 
cell  is  due  to  the  increased  ASI  of  the  active  material  at  the  positive 
electrode,  which  in  turn  is  caused  by  the  formation  of  cracks  in 


secondary  particles.  We  succeeded  in  suppressing  this  increase  of 
ASI  by  coating  NCM  with  AI2O3  nanoparticles  using  a  mechano- 
chemical  bonding  technology.  This  confirmed  that  crack  formation 
inside  the  secondary  particles  of  NCM  correlates  to  the  ASI  increase. 
Moreover,  the  AI2O3  nanoparticle  coating  enhanced  the  particle 
strength,  and  this  contributed  to  reducing  the  degree  of  crack 
growth  inside  the  particles.  Coating  with  AI2O3  therefore  provides 
an  effective  technique  for  improving  the  life  and  power  fade  of  Li- 
ion  cells  that  utilize  NCM  as  the  positive  electrode  material. 
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